The polymorphic phase transformation in the cocrystallization of adefovir dipivoxil (AD) and succinic acid (SUC) was investigated. Inspired by biological and biomimetic crystallization, polymeric additives were utilized to control the phase transformation. With addition of poly(acrylic acid), the metastable phase newly identified through the analysis of X-ray diffraction was clearly isolated from the previously reported stable form. Without additives, mixed phases were obtained even at the early stage of cocrystallization. Also, infrared spectroscopy analysis verified the alteration of the hydrogen bonding that was mainly responsible for the cocrystal formation between AD and SUC. The hydrogen bonding in the metastable phase was relatively stronger than that in the stable form, which indicated the locally strong AD/SUC coupling in the initial stage of cocrystallization followed by the overall stabilization during the phase transformation. The stronger hydrogen bonding could be responsible for the faster nucleation of the initially observed metastable phase. The present study demonstrated that the polymeric additives could function as effective regulators for the polymorph-selective cocrystallization.
Introduction
Cocrystal formation of active pharmaceutical ingredients (APIs) is a method to control the physical properties of the solid phase APIs through the intermolecular interactions with the cocrystal formers (coformers) [1] . Some examples of the API cocrystals with improved properties are as follows. Hygroscopic behavior of theophylline and caffeine was lessened by forming cocrystals with dicarboxylic acids [2] . Stability against degradation of adefovir dipivoxil was increased by cocrystallization with saccharin [3] . Dissolution behavior and bioavailability of a development candidate API was improved when cocrystallized with glutaric acid [4] . In addition, the cocrystallization was also employed between two different APIs for the combined treatment as exemplified in the case of isoniazid and 4-aminosalicylic acid [5] .
Polymorphism in crystallization is a ubiquitous phenomenon critically affecting the crystal properties. For example, cases of polymorphism in the molecular crystals have been widely studied to understand the changes in the physical properties of commercial and industrial importance [6] . Those in the inorganic crystals have been important problems especially in biomineralization to understand the unusual behavior of biological crystallization [7] . In contrast, the studies on the polymorphism in cocrystallization appear relatively at the early stage. While the intermolecular interactions within the cocrystals are usually designed for reliable cocrystal formation, subtle changes of the interactions and the subsequent differences in the molecular packing could result in the polymorphism of cocrystallization [8] [9] [10] .
Macromolecules have been discovered as important regulators of the polymorphs in both natural and synthetic crystallization. For example, biological crystallization of calcium carbonate in mollusks is well known in the utilization of biomacromolecules to stabilize the metastable polymorphs [11] [12] [13] . Industrial crystallization of diverse inorganic and organic compounds, including pharmaceutical materials, has been guided using polymeric additives [14] [15] [16] [17] . In contrast, similar control of the polymorphs (or phases) of cocrystals is yet to be thoroughly explored [18, 19] .
In the present study, we report an explicit case of using polymeric additives to regulate the polymorphism of pharmaceutical cocrystallization. The cocrystal of adefovir dipivoxil (AD) and succinic acid (SUC) was previous reported in its stable crystal structure of AD/SUC = 2:1 [20] , and we herein investigated the effects of poly(acrylic acid) (PAA) and poly(ethylene glycol) (PEG) on the formation and stabilization of a metastable phase.
Experimental Section

Materials
AD (L-form, > 99%) was provided by Amore Pacific Co. (Yongin, Korea) SUC (>99%), PAA (M w 1800 g/mol), and PEG (M w 8000 g/mol) were purchased from Sigma-Aldrich (Milwaukee, WI, USA). The chemical structures of AD, SUC, PAA, and PEG were shown in Figure 1 . Ethanol (HPLC grade) was from Samchun Chemical (Pyeongtaek, Korea). Deionized water was obtained from Direct-Q (Millipore) (Billerica, MA, USA) with its resistivity over 18.2 MΩ·cm. 
Formation of AD/SUC Cocrystals
Cocrystals of AD and SUC were produced by cooling homogeneous ethanol solutions of AD and SUC. The stoichiometric ratio of AD (0.4 mmol, 200 mg) and SUC (0.2 mmol, 23.6 mg) were dissolved in ethanol (3.0 mL) at 40-50 °C for 1 h. Glass vials were used with magnetic stir bars for mixing. The solution vials were then moved to a 25 °C incubator (BF-150LI; BioFree, Bucheon, Korea). The crystal formation was clearly noticeable after 1 day. The crystals were filtered (pore size 1 μm, cellulose acetate; Hyundae Micro, Seoul, Korea), thoroughly washed with deionzed water, and dried for 24 h in a 40 °C vacuum oven (J-DVO1; Jisico, Seoul, Korea). The filtration was either after 1 day for initially formed crystals or 7 days for mature crystals.
Cocrystal formation with polymeric additives was the same as the previous procedures except that the polymers were added at the same time when AD and SUC were dissolved in ethanol. The amount of the polymers were (AD + SUC)/polymer = 100:1 by weight. The resulting AD/SUC crystals were collected after 7 days.
Characterization
Crystal morphology was observed through optical microscopy (OM) using a BX51 microscope from Olympus (Tokyo, Japan). Reflectance mode was employed with cross polarization. The morphology of fine crystals was observed through scanning electron microscopy (SEM) using a field emission microscope (JSM-6700F) from JEOL (Tokyo, Japan). Thin platinum coating was applied to minimize charging during SEM observation.
Crystal structures were monitored with X-ray diffraction (XRD). XRD was performed using diffractometers from Bruker AXS (Billerica, MA, USA) with CuKα radiation (λ = 1.5406 Å) in the 2θ range of 6°-40°. D8 Discover diffractometer was operated at the conditions of 40 kV, 40 mA, and 1°/min; D2 Phaser was used at the conditions of 30 kV, 10 mA, and 1.2°/min. Additional analyses were as follows. Fourier transformation infrared spectroscopy (FT-IR; Excalibur FTS 3000, Bio-Rad, Philadelphia, PA, USA) was performed using an accessory of diamond attenuated total reflectance without further grinding or additive. The IR spectra were obtained in the range of 3500-700 cm . Differential scanning calorimetry (DSC; DSC 821e, Mettler-Toledo, Columbus, OH, USA) was used with a scanning rate of 10 °C/min. The DSC instrument was calibrated for enthalpy and temperature using indium. Nuclear magnetic resonance spectroscopy (NMR; Avance 500, Bruker, Billerica, MA, USA) was done for proton at 298 K. Solvent for NMR was hexadeuterodimethyl sulfoxide (DMSO-d6; 99.9%, Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA).
Results and Discussion
Microscopic Observation
We previously reported the stable form II of AD/SUC cocrystal [20] . It has the AD/SUC = 2:1 composition, where the two AD molecules form hydrogen bonding with one SUC molecule via N-H---O=C (AD-SUC) and N---H-O (AD-SUC) hydrogen bonding ( Figure 2 ). In addition, AD-AD intermolecular stabilization exists through N-H---O=P hydrogen bonding and π-π stacking. We decided to perform the regulated growth of the AD/SUC cocrystals with polymeric additives, because the previously reported form of the AD/SUC cocrystal appeared to stabilize after several days of crystal growth indicating the probable presence of the metastable form during the process. Microscopic observations of the morphology of the AD/SUC cocrystals were summarized in Figure 3 . The initial formation of AD/SUC cocrystals without any additive started as thin plates as shown in the crystals of 1-day growth (Figure 3a) , although a small amount of thicker crystals also appeared to exist at even earlier stages. After 7 days, the thin platelet crystals completely disappeared, and thicker cuboid crystals formed (Figure 3b ). When PAA was present in the growth solution in the weight ratio of (AD + SUC)/PAA = 100:1, much smaller crystals were obtained in the aggregated fashion after 7 days (Figure 3c ). The reduced size of the cocrystals in the presence of the polymeric additives, that had the similar functional groups to the coformer, was previously reported for the caffeine/oxalic acid system [21] . Closer observation, as shown in the inset of Figure 3c , revealed that the size distribution of the crystals seemed wider than the case without additive, although they were devoid of thicker ones. When PEG was present in the growth solution in the weight ratio of (AD + SUC)/PEG = 100:1, overall crystal morphology (7 days) was more or less the same as those obtained without any additives, but the crystal size was slightly smaller (Figure 3d) . We designated the crystals of Figure 3a -c as form I + II, form II, and form I based on the microscopic observations and XRD analysis in the following section. Figure 3 . Optical microscopy (OM) and SEM micrographs of AD/SUC cocrystals, prepared by the precipitation from the AD/SUC = 2:1 solutions: (a) form I + II collected after 1 day; (b) form II collected after 7 day; (c) form I prepared with PAA (7 day); (d) crystals prepared with PEG (7 day). When polymers were added, the weight ratio in the growth solution was (AD + SUC)/polymer = 100:1.
XRD Analysis
XRD analysis was performed to clearly identify the polymorph (or form) of the AD/SUC cocrystals obtained at various growth conditions (Figure 4 ). The sequence of the multiple XRD patterns of Figure 4 was arranged in such a way that the different forms could be easily discerned: cocrystals prepared with PAA (7 day) (Figure 4a : form I), collected after 1 day without additive (Figure 4b : form I + II), collected after 7 days without additive (Figure 4c : form II), and prepared with PEG (7 day) (Figure 4d ). Also shown as Figure 4e was the XRD pattern calculated from the single crystal X-ray data of the previously reported stable form [20] . [20] . Some diffraction peaks from form I were marked as circles, and those from form II were identified with triangles.
The diffraction positions of the XRD pattern calculated from the previously reported structure corresponded well with those of the form II cocrystals (Figure 4e vs. Figure 4c) . Differences in the intensities of the specific peaks were probably from the preferred morphology and non-random orientation during solution growth and XRD measurement [22, 23] . In contrast, several new diffraction peaks (marked as circles) were found for the form I + II cocrystals (Figure 4b) , although a number of peaks were still in common with the form II samples (marked as triangles). When crystals were prepared with addition of PAA (form I), most diffraction peaks in common with form II samples disappeared while those newly found in the form I + II samples were retained (marked as circles) (Figure 4a ). When crystals were prepared with addition of PEG, the overall diffraction pattern was more or less similar to the form II samples, although some minor new peaks appeared (Figure 4e) .
Overall, the XRD results strongly indicated that the AD/SUC cocrystals experienced the phase transformation during crystal growth, which was in accordance with the morphology observation. The metastable form I started to transform to the stable form II (the previously reported structure) in less than 1 day, since the 1-day sample (form I + II) exhibited the diffraction pattern from both forms (marked as triangles and circles). The addition of PAA seemed to kinetically suppress the phase transformation to stabilize the metastable form I, while the effect of PEG appeared modest to generate inhomogeneous forms of crystals. Without PAA, the isolation of the metastable form I was difficult, probably because of the diverse nucleation time and ensuing phase transformation [23, 24] .
NMR, DSC and IR Analyses
NMR study showed that the form I and form II were identical in there composition. The composition was studied using the proton signal ratio between the alkane parts (-CH 2 -CH 2 -) of SUC (2.42 ppm) and the CH 2 of AD (4.31-4.33 ppm) adjacent to the adenine group. The intensity ratio was 1.03:1 and 1.00:1 for form I and form II, respectively, which indicated that the AD/SUC = 2:1 composition was unaltered during the phase transformation. In fact, the NMR spectra of form I prepared with PAA was nearly indistinguishable from those of form II (data now shown), which also suggested that the amount of polymers adsorbed on the AD/SUC crystals and/or trapped between the crystal domains was very small (probably less than 2%) [25, 26] , and the polymers were not an integral part of the cocrystal.
DSC thermograms also displayed the subtle difference between the polymorphs of AD/SUC cocrystals as well as the effects of polymers ( Figure 5) . The difference in the melting behavior between the form I + II and II crystals is minute in that the melting enthalpy only slightly increased from ca. 122 J/g (1 day, form I + II) to ca. 127 J/g (7 days, form II) with the melting temperature about the same at 130 °C. The similar result was probably partly because the structural differences between the forms were only subtle, and partly because the form I+II sample was already fairly occupied by the stable form II as was shown in the XRD patterns. With addition of both PAA and PEG, the melting temperature decreased to ca. 126 °C, and the enthalpy decreased to 112 J/g with PAA (form I) and 91 J/g with PEG, respectively. The decreases of the melting temperature and enthalpy were difficult to analyze at this point because of the combined effects of polymorph change and probable mesocrystal formation that could lead imperfect crystallization caused by adventitious polymer inclusion [17, 27, 28] . Further study would be necessary to differentiate those effects. Note that the melting behavior of the crystals with PEG was distinctive in that inhomogeneous melting was observed, which indicated that the effect of PEG was not as defined as that of PAA. Overall, DSC results suggested that the differences between the polymorphs of AD/SUC cocrystals were subtle in their nature. , and P=O at 1254 cm −1 . Note that the N-H stretching peaks at about 3200 and 3300 cm −1 were too broad to accurately assess the differences, and the effects of hydrogen bonding on the N-H region were known to be weak and sometimes not very noticeable [32] . In addition, the wavenumber of C=O stretching of AD, which only weakly interacted with C-H of another AD molecule (Figure 2) , decreased along the phase transformation: 1751 (form I), 1748 (form I+II), and 1744 (form II) cm −1 [3] . Also note that the IR spectra for the crystals obtained with PEG were in general similar to those of form I + II (Figure 6d) .
Overall, the IR analysis indicated that the hydrogen bonds that sustained the AD/SUC cocrystal formation were adjusted as the cocrystal polymorphs changed. Specifically, the strong hydrogen bonding between the adjacent molecules became weaker as the metastable form I transformed to the stable form II, as evidenced by the increased vibrational frequency of C=O (SUC) and P=O (AD) groups [3, 20, 33] . It could be interpreted as that the initially AD and SUC formed locally strong interactions in the metastable form I, which seemed preferable for the preparatory AD-SUC complex formation. Then, the strong hydrogen bonds were attenuated with the globally stabilized interactions during the transformation to the stable form II. The increased interactions during the stabilization were in part indicated by the decreased vibrational frequency of C=O (AD) participating in the weak C=O---H-C (AD-AD) interactions [3, 20, 33] .
Conclusions
In summary, the AD/SUC cocrystals exhibited polymorphic phase transformation, and the metastable form was successfully isolated with addition of PAA. It appeared to positively contribute to the regulation of the transformation that PAA possessed the functional group of carboxylic acid in common with the coformer, SUC. In addition, the analysis of the intermolecular interactions indicated that AD and SUC formed strong hydrogen bonding in the initially obtained metastable form I, which was relaxed in the globally stabilized form II. This could be the underlying reason for the faster nucleation of form I since the structures of strong hydrogen bonding could be favorable in overcoming activation energy of nucleation, where ethanol solvation had to be overcome. Further efforts, starting from the crystal structure solving of the metastable form, would be needed to fully understand the process of phase transformation. Finally, this study demonstrates that using the polymeric additives are useful for the polymorphic control of the pharmaceutical cocrystals, as have been shown in the various biological and biomimetic crystallization. We also believe that more studies with polymeric additives would contribute to the understanding of the nucleation and growth of cocrystallization.
